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(54) Multilayered air-fuel ratio sensing element 

(57) A multilayered air-fuel ratio sensing element 
has a zirconic solid electrolytic body (11) and a heat- 
genecatrtg portion (13, 16, 22) including an alumina 
substrate located adjacent to the zirconic solid electro- 
Iy1»c txxJy (11). The zirconic solid electrolytic body (11) 
IS made of a partially stabilized zirconia containing 5-7 
mo*% yttna and having a mixed phase structure includ- 
ing a cubic phase, a monoclinic phase and a tetragonal 
phase The zirconic solid electrolytic body (1 1 ) has a 
relative density oi 94-100% with a mean sintered grain 
size (Rzr) of 0.5-3.0 ^im. The alumina substrate has a 
relative density of 95-100% with a mean sintered grain 
size (Ral) of 0.5-4.0 |im. And, the partially stabilized 
zirconia has an M/C ratio in a range from 0.05 to 0.25. 
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Description 

CROSS REFERENCE TO RELATED APPLICATION 

[0001 ] This application is continuation-in-part of the applicant's pending U.S. application "Laminated Oxygen-sensor 
Device Comprising A Solid Electrolyte Member Made Of Partially Stabilized Zirconta" Ser. No. 08/993.406, filed Decem- 
ber18. 1997. 

BACKGROUND OF THE INVENTION 



[0002] The present invention relates to a multilayered air-fuel ratio sensing element preferably used for the air-fuel 
ratio control of internal combustion engines for automotive vehicles. 

[0003] From the recent trend toward shortened sensor activation time and the positional restriction in installing the 
sensor (for example, installation to the exhaust gas pipe under a vehicle floor panel), improvement of the sensor war- 
75 mup ability as well as downsizing of the sensor body are important goals to be attained. 

[0004] Multilayered air-fuel ratio sensing elements, including united sensing and heating portions, have prospective 
properties to satisfy these requirements. 

[0005] From the view point of electric insulation and heat transfer, conventionally proposed multilayered air-fuel ratio 
sensing elements generally comprise a heater- equipped alumina substrate and an oxygen ion conductive solid eleclro- 

20 lytic body which are laminated integrally and sintered together. As having sufficient strength and excellent oxygen ionic 
conductivity, the partially stabilized zirconia is generally used as the oxygen ion conductive solid electrolytic body. 
[0006] However, the multilayered air-fuel sensing elements have the following drawbacks because of their structural 
features including the different members (i.e., alumina and partially stabilized zirconia). When the sensing element is 
sintered in the manufacturing process or heated in the actual operating environment, a significant amount of thermal 

25 stress concentrates at the boundary between the alumina and the partially stabilized zirconia due to thermal expansion 
difference between them. This thermal stress triggers the cracks. 

[0007] Enhancing the composition of the partially stabilized zirconia as well as increasing the strength and controlling 
the thickness of the alumina substrate will be effective to suppress the cracks from generating during the sintering step 
for manufacturing the sensing element from laminated green sheets of the alumina substrate and the solid electrolytic 
30 body (refer to the US patent No. 5.447.618). 

[0008] However, when the multilayered air-fuel ratio sensing element is installed in the infernal combustion engine of 
an automotive vehicle, cracks may appear by the following mechanism. 

[0009] The partially stabilized zirconic solid electrolytic body has a mixed phase structure including three different 
crystal structures referred to as a cubic (C) phase, a monoclinic (M) phase and a tetragonal (T) phase, with a small 
35 amount of additives. According to this phase structure, the T phase can transform into the M phase through the isother- 
mal martensitic transformation (refer to T M transformation). 

[001 0] The T^M transformation progresses rapidly when the partially stabilized zirconia is exposed to an atmosphere 
of approximately 200 ^C. Presence of wales (e.g., moisture or vapor) promotes the T->M transformation. Furthermore, 
the T->M transformation causes a volumetric change. 
40 [0011] The operating environment of the air-fuel ratio sensing element incorporated in the automotive internal com- 
bustion engine can be regarded as repetitive heating and cooling cycles in a temperature range from the room temper- 
ature (20 *C) to the exhaust gas temperature (1 ,000 **C). The exhaust gas contains a large amount of vapor. Under such 
environment, the T-^M transformation progresses smoothly. 

[001 2] When the T-^M transformation occurs in the solid electrolytic body, cracks will appear along the boundary 
45 between the solid electrolytic body and the alumina substrate or along the surface of the solid electrolytic body. 

SUMMARY OF THE INVENTION 

[001 3] In view of the foregoing problems encountered in the prior art. the present invention has an object to provide 
50 a multilayered air-fuel ratio sensing element causing no cracks even when it is subjected to severe heating and cooling 
cycles under a high humid environment. 

[0014] In order to accomplish the above-described and other related objects, the present invention provides a multi- 
layered air-fuel ratio sensing element comprising a zirconic solid electrolytic body and a heat-generating portion, 
wherein the zirconic solid electrolytic body is made of a partially stabilized zirconia containing 5-7 mol% yttria and hav- 
55 ing a mixed phase structure including a cubic (C) phase, a monoclinic (M) phase and a tetragonal (T) phase. The zir- 
conic solid electrolytic body has a relative density of 94-100%, with a mean sintered grain size R^r of 0.5-3.0 ^m. The 
heat-generating portion includes an alumina substrate which is located adjacent to the zirconic solid electrolytic body 
and has a relative density of 95-100% with a mean sintered grain size RalO^ 0.5-4.0 ^im. And. the partially stabilized 
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zirconia has an M/C ratio in a range from 0.05 to 0.25. The M/C ratio is defined by the following equation: 

<^~/W(111)+/W(1lT)+C(111) 

wherein M(l lT) represents a reflective integrated intensity of a monoclinic ohase h iTv mm 1 1^ r^r.r^.^^ *. ^- ' 

'^f!. I^t"^^ " *e partially stabilized zirconia. When the yltria CMM in lha 

^I^?^ IS outof the raiiaa »l 5-7 mol%, tite thern^l axpansia, ditlarenceTahLerme aSe sow 

'!!1JL-^ 'ater. to detect an air-fuel ratio of the measuring gas. the zirconic solid electrolytic bodv is om 

vo*d « leas, a pa.r of electrodes. One of the paired electrodes is exposed to the meSurir^ oas v^Sthrc^^^ 

tne reference gas. In this case, the air-fuel ratio cannot be measured accurately. 
|OOl 8] Fi,»>« more, the solid electrolytic body will be deteriorated in strength 

IWrjl in o* strength and ionic conductivity, it is preferable that the allowable upper limit of the relative density is 
roCTOJ Wh*n th« mean sintered grain size Rzr of the zirconic solid electrolytic body is in a ranqe from 0 to 0 5 „m it 

""'^ " "^"^ ^ ^^-"9 -"d elctr^y^c bcSy innot 

IJfx ' Jr*"J!r ^'"u^'^ ^'^'^^^^ =^ ° « '3^se volumetric change occurs in accordance with 

the T ►M translormaton of the T-phase crystal particles in the sintered body The produced internal strP<.^o!"^^*^^ 
trate at me gram boundary, causing cracks in the solid electrolytic body. ^ 
10022] When the relative density of the alumina substrate is in a range from 0 to 95% the alumina substrate will bP 

the aluntna substrate is subjected to repetitive heating and cooling cycles ^ 

S!!^nlJi^!,°^^ '^^"""^ " *^ ^^""^"^ a thermal stress derived from the thermal 

expansion drfference concentrates at the boundary between the zirconia and the alumina when thTre is a ami Sr 

[0026] When the mean sintered grain size R^.^ is in a range from 0 to 0.5 pm, it is difficult in the manufacturina of the 
alumina substrate to attain the relative density of 95% or more even if the industrially obtainable finest maSrialTs 1^ 
Thus, the alumina substrate will deteriorate in strength. Under heating and cooling cycles a therrnrsfr^i HpIL^ 
the^thermal expansion difference between the alumina substrate a'nd the zircoTSd ^i^b^y w^^^^^^^^ 

[0027] The present invention has the following functions and effects 

Sp^tfii J^K^""""? ^'T'- sensing element of the present invention comprises the solid 

itri'^^ia^n^orhtroKi^iS^^^ 

Shav^g^t^^^lr^^^^^^^ 

rnn,m Furthermore, the partially stabilized zirconia has an M/C ratio in a range from 0 05 to 0 25 
S Ld?hl°l?'"^- *° P;^^«"; there is a small thermal expansion difference between the solid electrolytic 

p^/or^ h r ^"T'^'^ ^''^^'"^ ^ coefficient of approximately 8 x 1 0'^/ -C) Thu^ the gS^ 

eration of the cracks can be effectively suppressed. inus,tnegen 

[0031] When the M/C ratio is smaller than 0.05 or larger than 0.25. there will be a large difference in the thermal 
expansion coefficient between the solid electrolytic body and the alumina substrate. The large ther^S Txpaniion dJ 

o:Tf^Tt:z:!r ^'"^ ""'^ ^ ^'""'"^ ^'^^'^ °^ on^ sSs:,x b^ 
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[0032] Furthermore, when the M/C ratio of the partially stabilized zirconia is in the range from 0.05 to 0.25. the yttria 
content is approximately 4.5-6.5 mol. Fig. 18 shows the transformation of this partially stabilized zirconia. 
[0033] As apparent from Fig. 18, when the M/C ratio is set to the range defined by the present invention, the M->T 
transformation occurs in accordance with a temperature increase so that the mixed crystal of the M phase and the C 

5 phase transforms into the mixed crystal of the T phase and the C phase. A volumetric change also occurs. 

[0034] Especially, the T->M transformation occurs in response to a reduction of temperature. However, the actual 
transformation does not change all of the T phase into the M phase because part of the T phase is restrained by the 
surrounding stable C phase. In other words, part of the T phase is frozen in the C phase at the room temperature. 
[0035] When the amount of the frozen T phase is constant, i.e.. when the T phase is stably restrained by the C phase. 

10 the M/C ratio can be stably maintained even if the partially stabilized zirconia is subjected to repetitive heating and cool- 
ing cycles. Thus, it becomes possible to suppress the generation of cracks. 

[0036] However, a restraining force acting from the C phase to the T phase varies depending on the grain size of the 
T phase. More specifically, a greater grain size promotes the T->M transformation, allowing the T phase to separate 
from the C phase. 

15 [0037] When the mean sintered grain size R^r of the zirconic solid electrolytic body exceeds 3.0 |im. the transforma- 
tion force of the T phase exceeds the freezing force of the C phase acting on the T phase. Thus, it becomes difficult to 
stably freeze the T phase in the C phase at the room temperature. 

[0038] As a result, when the zirconic solid electrolytic body is subjected to repetitive heating and cooling cycles, the 
amount of the T phase frozen in the C phase at the room temperature gradually changes. The M/C ratio changes cor- 
20 respondingly. This leads to the change in the thermal expansion coefficient. The cracks appear on the solid electrolytic 
body. 

[0039] As described above, the present invention limits the mean sintered grain size of the zirconic solid electrolytic 
body in the above<lescribed range. With this setting, the M/C ratio of the partially stabilized zirconia can be stably main- 
tained even if the partially stabilized zirconia is subjected to the repetitive heating and cooling cycles. 

25 [0040] Furthermore, when each relative density of the zirconic solid electrolytic body and the alumina substrate is in 
the above-described range, the strength can be enhanced. This is effective to suppress the generation of cracks. 
[0041 ] Moreover, as the multilayered air-fuel ratio sensing element of the present invention has the excellent crystal- 
lographic stability as described above, no cracks appear even when it is subjected to the repetitive heating and cooling 
cycles under a high humid environment, e.g., in a vapor-containing gas atmosphere. 

30 [0042] As described above, the present invention makes it possible to provide a multilayered air-fuel ratio sensing ele- 
ment causing no cracks even when it is subjected to severe heating and cooling cycles under a high humid environ- 
ment. 

[0043] Furthermore, it is preferable that a thermal expansion difference A between the alumina substrate and the par- 
tially stabilized zirconia is in a range from 0 to 0.2. The thermal expansion difference A is defined by the following equa- 
35 tion: 

A= ^^^^^t^i^x 1 00(%) 

40 

wherein C^r represents a thermal expansion coefficient of the partially stabilized zirconia in a temperature range from 
the room temperature (20 *c) to 1.000 **C; Cal represents a thermal expansion coefficient of the alumina in a tempera- 
ture range from the room temperature (20 '^c) to 1 ,000 °C; and T represents a temperature variation (980 **C). 
[0044] With this setting, it becomes possible to suppress the thermal stress arising between the partially stabilized 
45 zirconia and the alumina even when the element is subjected to the repetitive heating and cooling cycles in the temper- 
ature range from the room temperature (aO'^C) to 1 ,000 **C. The generation of cracks can be effectively suppressed. 
[0045] Needless to say. it is preferable that the thermal expansion difference between the partially stabilized zirconia 
and the alumina is completely eliminated. In this case, no thermal stress arises. 

[0046] When the thermal expansion difference exceeds 0.2, a large thermal stress will arise between the partially sta- 
£0 bilized zirconia and the alumina, causing the cracks. 

[0047] Furthermore, it is preferable that the ratio of the mean sintered grain size Ral of the alumina substrate to the 
mean sintered grain size Rzr of the zirconic solid electrolytic body is in a range from 0.33 to 4.00. i.e.. 
0.33<Ral/Rzr^4.00. 

[0048] With this setting, it becomes possible to suppress the generation of cracks even when the thermal stress arises 
55 due to the thermal expansion difference. 

[0049] When the ratio Ral^^zr >s smaller than 0.33, the zirconic solid electrolytic body will contain a large amount of 
yttria. This increases the thermal expansion difference between the zirconic solid electrolytic body and the alumina sub- 
strate. The cracks will appear on the element. On the other hand, when the ratio Ral/^zr >s larger than 4.00, the alu- 
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mina substrate has a large value In the mean sintered grain size with a redurpd ciron^h T^, .k . - . 
BRIEF DESCRIPTION OF THE DRAWINGS 

Ho. 5 ,5 a coss-seclkmal .lew showing the mullllayefed air-fuel ratio sensing element shown In Flo 4- 
S *<»««"9 '"e multllayered alr-tue! ratio sening eten»nt shown in Flo 6- 

,?arzrwSr.Tes~~''-'"'«"^'^^^ 
t'ji.^irfcir,;rrt;;rrnr,rn'"-^"^ 

r'2.',a°^a;Sett'^^e?n'rSS;tSS2 JlseS^Sr °* ^ - 

:'u°™'^a^:,resin°rs.rsr L^^^^^ - - - 
t^:s^iUir.SerrsSrrnc^:r.rr^^^^ 

Sr,:^;^lnt:Se"n'4;„1^S^n.^^^^^^ 

Slci'ii^San'rirert^Sern' '« 

Fig. 18 IS a graph showing the transformation of a partially stabilized zirconia. 
DESCRIPTION OF THE PREFERRED EMBODIMENTS 

o^£3.?2n '"-l' " « o( «~,00%, with a mean L^^,^^, 

100561 The alurrtna s*st,ate 13, located anjacent to the zireonic solid electrol^lc body 11 . has a relative density of 
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95-100% with a mean sintered grain size R^l of 0.5-4.0 ^m. And. the partially stabilized zirconia has an M/C ratio in 
a range from 0.05 to 0.25. The M/C ratio is defined by the following equation (1): 

M_ /W(111)+M(1lT) 
^ 0 /W(111)+/W(1lT)+C(111) 

wherein M(1 1T) represents a reflective integrated intensity of a monoclinic phase (111); M(1 11) represents a reflective 
integrated intensity of a monoclinic phase (111); and C(1 1 1) represents a reflective integrated intensity of a cubic phase 

10 (111). 

[0057] Next, the detailed arrangement of the multilayered air-fuel ratio sensing element 1 in accordance with the pre- 
ferred embodiment will be explained. 

[0058] As shown In Figs. 1 and 2, the multilayered air-fuel ratio sensing element 1 comprises the zirconic solid elec- 
trolytic body 1 1 and the heat-generating portion equipped with the heater 25. The heat-generating portion includes the 

75 alumina substrate 1 3 located adjacent to the zirconic solid electrolytic body 1 1 . 

[0059] A measuring electrode 12, provided on an outer surface of the zirconic solid electrolytic body 1 1 . is electrically 
connected to a signal output terminal 181 via a lead 18 both provided on the same surface (upper or outer surface) of 
the zirconic solid eleclrolytic body 1 1 . A reference electrode 15, provided on an opposite surface (lower or inner surface) 
of the zirconic solid electrolytic body 1 1 , is electrically connected to a signal output terminal 191 provided on the upper 

20 or outer surface via a lead 1 9 extending along the lower or inner surface of the zirconic solid electrolytic body 1 1 , as 
shown in Figs. 1 and 2. 

[0060] The zirconic solid electrolytic body 11 is laminated or stacked on the alumina substrate 13. The aiumina sub- 
strate 13 has a U-shaped configuration to provide a gas passage 17 extending in the longitudinal direction for introduc- 
ing air serving as a reference gas. The gas passage 17 serves as a reference gas chamber. The reference electrode 
25 15 is exposed to the reference gas introduced in the gas passage 17. 

[0061 ] The heater 25. interposed between the alumina substrates 16 and 22, is electrically connected to power supply 
terminals 261 and 271 via leads 26 and 27 extending on the same surface. 

[0062] The manufacturing method of the multilayered air-fuel ratio sensing element 1 will be described, hereinafter. 
[0063] First, a zirconia powder having a mean grain size of 0.5 ^m and a yttria powder having a mean grain size of 
30 0.5 ^lm are mixed to provide a weighed body including 6 mol% yttria. Then, the resultant weighed body (1 00 weight part) 
is mixed with an organic solvent together with a binder and a plasticizer in a ball mill for 24 hours, to obtain a slurry. The 
organic solvent is a mixture of ethanol (10 weight part) and toluene (10 weight part). The binder is polyvinyl butyral (5 
weight part). The plasticizer is dibutyl phthalate (10 weight part). 

[0064] Next, the slurry is configured into a green sheet by using the doctor blade method to obtain a green zirconic 
35 sheet having a thickness of 0.2 mm in a dried condition. The green zirconic sheet is cut into a rectangular shape of 5 
mm X 70 mm. A vertical through hole is opened across the sheet to electrically connect the reference electrode 15 to 
the signal output terminal 191 via the lead 19. 

[0065] Next, a zirconia-containing Ft paste is applied on the surfaces of the green zirconic sheet by the screen printing 
method to form the print pattern of the measuring electrode 12, the reference electrode 15, the leads 18 and 19, and 
40 the signal output terminals 1 81 and 191 . Thus, a green sheet of the zirconic solid electrolytic body 1 1 is obtained. 

[0066] Separately, prepared is a mixture of a-alumina (97 weight part) having a mean grain size of 0.3 ^m, partially 
stabilized zirconia (3 weight part) containing 6 mol% yttria. PVB (10 weight part), DBF (10 weight part), ethanol (30 
weight part), and toluene (30 weight part). From this mixture, another slurry is obtained through a 24-hour processing 
in the ball mill. 

45 [0067] The obtained slurry is configured into a green sheet by using the doctor blade method to obtain a green alu- 
mina sheet having a thickness of 1 .0 mm in a dried condition. The green alumina sheet is cut into a rectangular shape 
of 5 mm X 70 mm, thereby obtaining a green sheet of the alumina substrate 16. The green alumina sheet is also cut 
into a U -shape configuration of 5 mm x 70 mm in the outer periphery with the cutout of 2 mm x 67 mm, thereby obtain- 
ing a green sheet of the alumina substrate 1 3. 

50 [0068] A green sheet of the alumina substrate 22 is obtained by using the same material and the same method as 
those of the green sheet of the alumina substrate 16. The green sheet of the alumina substrate 22 has a thickness of 
0-2 mm in a dried condition and a size of 5 mm x 70 mm 

[0069] Furthermore, two through holes are opened across the green sheet of the alumina substrate 22 at the end 
thereof to electrically connect the leads 26 and 27 to the power supply terminals 251 and 271 . respectively. 
55 [0070] Next, an alumina-containing paste is applied on the surfaces of the green sheet of the alumina substrate 22 
by the screen printing method to form the print pattern of the heater 25. the leads 26 and 27, and the power supply ter- 
minals 261 and 271. 

[0071] The green sheets thus obtained are laminated or put one on another in a manner shown in Rg. 1 , and united 
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by the thermal press processing. Then, the resultant laminated body is sintered at 1 .475 -C for two hours to obtain the 
multilayered air-fuel ratio sensing element 1. iwo nours lo ooiain tne 

Stn o SI;^' electrolytic body, constituting the multilayered air-fuel ratio sensing element 1 . is sub- 

S-S, I T "'^^"'^ performance in comparison with comparative samples 

[0073] First, several test pieces were fabricated to evaluate the relative density, the mean sintered grain size and a 

thermal expansion difference between the alumina and zirconia sheets "inierea gram size, and a 

(0074] A total of ten green zirconic sheets for the zirconic solid electrolytic body 1 1 were fabricated accorriinn tn th« 

above-described manufacturing method. Two green alumina sheets for thLuminVsuS^ ^^^^^^^ 

nc^ed according to the above-described manufacturing method. These green sheets werfsubj^Ji to L the^^^^^ 

pressprocessing and sintered underthe same conditions as those of the above<lescribed manuficTuring rn^h^f The 

resultant sintered body was cut into a test piece of 1 .6 mm x 5.0 mm x 50 mm. Then, a specific gS of t^llesTpieS 

was measured in the water. By comparing the specific gravity in the water and the spedf ic gravSy S ^rue specif 

gravity), the relative density was calculated. ^ speciTc 

ift^^I mp1«' '^'^'^^'^ °' P'^^e soaked into a 10% hydrofluoric acid solution for 30 minutes. There- 

after, the mean sintered gram size was measured by taking an SEM photograph 

-C"?rl «Sif ^ '^"^="""9 •'^^ ""^^^ s'"tered grain size, according to which straight lines "B" and 

C are aibitrar ly drawn so as to cross a given square "A" of 20 Hm x 20 urn. When the straight line "B" or "C" crossS 
a crysta^ part.de 1 10, the length of each overlapped portion is measured. Measured lengths r1 . r2 r4 and rS weS 
obtained from the overlapped relationship between the straight line "B" and the crystal particles 1 10 in the iuare "A " 
Other measured lengths r6. r7. r8. and r9 were obtained from the overlapped relatLsh^ between ttie sfraiS^Nne "C" 

^ Furthermore, the alumina sheet and the zirconia sheet were left In the air and their temperatures were 
increased from the room temperature (20-C) to 1 .000 »C. The thermal expansions of these sheets Le mea^urrby 



^ 50x(1+C^P • 980)-50x(1+C^, • 980) C^^ • 980-C^, . 980 
30 50x(1 + C^,.980) "100 1^.C^,.980 '^''00 (2) 



50 — length (mm) of test piece at room temperature; 

980— temperature difference (°c) between the room temperature (20 "c) and 1 000 "c- 
35 to"l'.Oo5^ocTand'^"^'°" ^"'"^ °* ^''"'"'^ temperature range 'from the room temperature (20 °c) 

to'l io?°r^' ^"^'"'^'e"' (1/°=) a'umina the temperature range from the room temperature (20 "c) 

.0 Jnlint?!!? ^^S""' found that the zirconic test piece had a relative density of 97% with a 

sTze Of 2 0 ? rj^"' 1 ' P'^^ •'^^ ^ ^^'^''^^ ^^"^''y °* «*th a mean sintered g^in 

r0D79 nS?' ^ between the zirconic test piece and the alumina test piece was 6.04. 

Tr^L^^'n^L """'^ ^^"^^^ 150 mesh-level powders through a 

10-minute grinding in an alumina mortar. Then, the M/C ratio defined by the equation (1) was measured by an a,»ro 
priate X-ray diffraction apparatus. The measured M/C ratio was 0.1 6 easurea oy an appro 

^^"^ "'""''^y^^®^ air-fuel ratio sensing element 1 was subjected to a thermal shock test 
it^TlL inn^nH ^T' "''""I' '^V^ -^"Itilayered air-fuel ratio sensing element 1 was subjected to the following repet- 
itive heating and cooling cycles. Then, a dyeing test is applied to the element 1 to check the presence of cracks apSar- 
ing on the surface of the element 1 . k v-c ui wdci^s appear 

[0082] The heating operation is performed by supplying electric power to the heater 25 of the element 1 so that the 
i^fe^nr^lT^ measuring electrode 1 2 or its vicinity increases 1 .000 -C in 20 seconds. Subsequently, the element 
1 js forcibly cooled down from the 1 .000 "C to the room temperature (20oC) in 100 seconds. The heating and coolfng 
cycles are repeated in an environment having a relative humidity of 70% 

S helSng'a^^o^tgT^^ --'"9.«— ^ --^d no crack even after 

?o^)fo!^*1^-^*^^"'*^ "^"'ti'ayered air-fuel ratio sensing element 1 was subjected to an 

th^ptLnicShot^^^^^ 

[0085] After finishing the autoclave heating, the presence of any crack on the element 1 was checked by the dyeing 
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test. 

[0086] As a result, it was confirmed that the multilayered air-fuel ratio sensing element 1 caused no crack. 
[0087] As described above, the multilayered air-fuel ratio sensing element of the preferred embodiment is a united 
element comprising different members, i.e.. the alumina substrate and the zirconic electrolytic body made of a partially 
5 stabilized zirconia. However, the above-described various test results reveal that the multilayered air-fuel ratio sensing 
element of the preferred embodiment is durable against the severe "heating and cooling cycles under a high humid 
atmosphere" similar to the actual operating environment 

[0088] The preferred embodiment of the present invention has the following functions and effects. 
[0089] The multilayered air-fuel ratio sensing element 1 of the preferred embodiment comprises the solid electrolytic 
10 body 1 1 made of a partially stabilized zirconia and the heat-generating portion equipped with the heater 25. The heat- 
generating portion comprises the alumina substrate 13 located adjacent to the solid electrolytic body 1 1 . 
[0090] The partially stabilized zirconia contains 5-7 mol% yttria. with a mixed phase structure including the C phase 
having a thermal expansion coefficient of approximately 1 1 xl0*^/*'C, the Tphase having a thermal expansion coefficient 
of approximately 9xi0"®/°C. and the M phase having a thermal expansion coefficient of approximately 4xl0'^/°C. Pur- 
rs thermore, the M/C ratio of the partially stabilized zirconia is in the range from 0.05 to 0.25. 

[0091 ] Accordingly, there is a small difference in the thermal expansion between the solid electrolytic body 1 1 and the 
alumina substrate 13 (having a thermal expansion coefficient of approximately 8xlO'^/°C). The small thermal expansion 
difference produces a small thermal stress between the two members, causing no cracks. 

[0092] Furthermore, the zirconic solid electrolytic body 1 1 and the alumina substrate 13 have the above-described 
20 mean sintered grain sizes. This is effective to prevent the crystal particles, existing as T phase, from causing volumetric 
changes by the existence of neighboring stable C phase. The volumetric chance, even if it occurs, is small with a small 
stress. 

[0093] The stress, when induced by the T-»M transformation, may concentrate at the grain boundary between the 
alumina and the zirconia. However, the direction of the crack is changed in various directions by the grain boundary, 
25 thereby effectively suppressing the development of cracks. 

[0094] Furthermore, the zirconic solid electrolytic body 1 1 and the alumina substrate 13 have the above-described 
relative densities. This is effective to enhance the strength of the element 1 so as to suppress the generation of cracks. 
[0095] Furthermore, the multilayered air-fuel ratio sensing element 1 of the prefened embodiment has the above- 
described crystallographic stability. This is effective to prevent the element 1 from generating cracks even if it is sub- 
so jected to the repetitive heating and cooling cycles under the humid environment, e.g., in the vapor-containing gas 
atmosphere. 

[0096] As described above, the preferred embodiment provides a multilayered air-fuel ratio sensing element causing 
no cracks even when it is subjected to severe heating and cooling cycles under a high humid environment. 
[0097] Figs. 4 and 5 show a modified multilayered air-fuel ratio sensing element 1' in accordance with the preferred 
35 embodiment of the present invention. The sensing element V shown in Figs. 4 and 5 differs from the sensing element 
1 shown in Figs. 1 and 2 in that the heat-generating portion includes two alumina substrates 22 and 16 stacked in this 
order. More specifically, the alumina substrate 16 is located adjacent to the zirconic solid electrolytic body 11. and the 
gas passage (i.e., gas chamber) 1 7 is provided in the alumina substrate 16. 

[0098] According to this modified embodiment, it becomes possible to simplify the manufacturing processes because 
40 the multilayered air-fuel ratio sensing element V has a reduced number of alumina substrates. Furthermore, airtighi- 
ness Is improved. The increased portion shared by the alumina leads to the enhancement of the strength of the sensing 
element 1 *. Other functions and effects are similar to those of the above<lescribed sensing element 1 . 
[0099] Furthermore, Figs. 6 and 7 show another modified multilayered air-fuel ratio sensing element 1 " in accordance 
with the preferred embodiment of the present invention. According to this modified embodiment, the multilayered air- 
45 fuel ratio sensing element V comprises the zirconic solid electrolytic element 11 and the heat-generating portion 
equipped with the heater 25. The heat-generating portion includes two alumina substrates 22 and 16 stacked in this 
order. The alumina substrate 16 is located adjacent to the zirconic solid electrolytic body 1 1 , and the gas passage (i.e.. 
gas chamber) 1 7 is provided in the alumina substrate 16. 

[0100] A measuring gas chamber forming plate 36 and a pump cell substrate 30 arc provided at the opposite side of 

so the zirconic solid electrolytic element 1 1. 

[0101] The pump cell substrate 30 has a pair of pump electrodes 31 and 32 provided on opposite surfaces thereof. 
To introduce the measuring gas into a measuring gas chamber, a pin hole 33 extends across the pump cell substrate 
30 from the center of the pump electrode 31 to the center of the puvnp electrode 32. A window 360 of the measuring 
gas chamber forming plate 36 serves as the measuring gas chamber. The window 360 faces to the measuring elec- 

55 trode12. 

[0102] The pump cell substrate 30 has leads 38 and 39 extending along the surfaces thereof and electrically con- 
nected to the pump electrodes 31 and 32 at one end and to voltage applying terminals 391 and 381 at the other end, 
respectively. A signal output terminal 371 is also provided for the reference electrode 15. The terminals 371 and 381 
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'^it:::zz:^t '''' '^""^^ '"^'"^ °" ^"'^-^ °^ ^'--'<= eiectrcytic 

So InTr^^'f ^^'^ f " u.^' ^^""'"3 " '''SS 6 and 7 can measure a wide range of air-fuel 

a .0 and .s. therefore, preferably used for controlling the internal combustion engine so as to realize a predse a ^ ue 
a .o adjustment. Other functions and effects are similar to those of the above-described sensirj etemeSsTand 1 

'V 1''°"^' ^ samples having the same shapes and manufartlrS in the 

H^.! C ' !!f same materials as those of the multilayered air-fuel ratio sensing elements disclos^ in tJf atole 

™SSneT^^^^^ -"^^'^ — -^-^^ - - 

[0105] First, using the method similar to that disclosed in the preferred embodiment, zirconia and yttria powders both 

sTe'o^Ty^'ryTmt/ ^^ '-r: "^''^ *° P"^*^^ ««'9hed bodies eacht^d^ 4 5 5 ? 

z;rconSt!^' mol-K. yttria. The obtained weighed bodies are formed into slurries which are used to fabricate 
zirconic test pieces by using the method disclosed in the preferred embodiment raoricate 
[0106] Fig. 8 shows the relationship between the relative density of each zirconic test piece and the yttria content 
(moR&). measured m the same manner as disclosed in the preferred embodiment. Fig 9 sh^ theTelaSS 

manner as disclosed in the preferred embodiment. cu m me &cime 

i°nll'th«t ^^r" u- ® '^^^^'^ ^^"^'^y decreases with increasing yttria content {mo|o/o) 

and that the relatn^e density is higher when the material grain size is small. It is also found that more than ^%Tn he 

mfiT TT" "'"'^"^ '"^^^^^l 9^a- size are adiuateirs^lecti^ 

o tH ""T V""'^" 9^^'" '"^^««ses with increasing yttri?content%doS' 

[0109] On the ottier hand, by using the method similar to that disclosed in the preferred embodiment various al^m^a 

[0110] Fig 10 shows the relationship between the relative density of each alumina test piece and the alumina material 
grain size measured in the same manner as disclosed in the preferred embodiment. Fig. 1 1 shows threte^S 
between the mean sintered grain size of alumina test piece and the alumina material grain size measured in the s^me 
manner as disclosed in the preferred embodiment. measurea in tne same 

mlVL T\ '^^"II °I ^° '^^^'^ ""^'^''^^ decreases with increasing grain size of the alumina 

^^VIl^'^^"^'^- ^ ^^""^1^^^"^^°" coefficient of each zirconia test piece was measured by using an appropri- 
ate thermal e^ansion meter ,n the same manner as in the preferred embodiment. Fig. 1 2 shows the thermal expanJon 
difference between each zirconia test piece and the alumina test piece having a revive densitTof 98% wZ mSn 
sintered gram size of 2 ^m disctosed in the preferred embodiment 

Simiii?' '""""^ ""'^ °* "'"'^ """^""^^^ ^"'^ ^s ^he preferred 

[0114] Next, using the slurries, the multilayered air-fuel ratio sensing elements were manufactured by the manufac- 
tu ing method disclosed in the preferred embodiment (refer to Figs. 1 and 2). Each of the resultant muSlayer air^el 
ratio sensing elements was subjected to the thermal shock test in the same manner as disclos^ n fhe pre er"^ 
t:^r^Zt^;LtZ:r^^^^^ O remamed nJrmXrt 

summarizes the test result listed in tables 1 ~3 in relation to the mean sintered grain size and the yttria 
content (mol%). As apparent from the result shown in Fig. 1 4. it is confirmed that no crack appears when the mSnsi.!^ 
tered grain size of the zirconia is equal to or smaller than 3.0 ^m ««»'ears wnen tne mean sin 

in"? larL'™,^'^,™ ""^ " 

[0117] As apparent from the result shown in Fig. 15. it is confirmed that no crack appears when the thermal exoansion 

^;riat:;r ^ --^^ ^'-^ ^° " ^Tr^reTa^r 

i?on dLrln!^'!!!^;^"'"^*^''''^'^ '^"^ ""^Sion of the yttria content even when the thermal expan- 

sion difference between the alumina test piece and the zirconia test piece is 0.16 %. From the result of Fig 13 th^M/C 
ratio islarge when the yttria content is small. Thus, it is believed that the large M/C ratio induces the cracJs fiie mean 
smt^ed gram size .s small when the yttria content (mol%) is small. In the manufacturing of the elemen t thJe^ a proc 
ess for cooling the sintered element. During this cooling process, there is a tendency that the T phase il frozen n a 

Th'^kT':!. r^"""" °' °' '"^"^^ ™ transformation which caus^ a SLm^ric 
change. It is thus believed that the cracks appear due to such a volumetric change voiumemc 

I°r.H '? ^ ^' "^"^ ^PP®^' "^^^ ^''^ expansion difference between the alumina test piece 

and the zirconia test piece is larger than 0.20%. It is believed that the large themial expansion difference betweenlSe 
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alumina test piece and the zirconia test piece causes a large thermal stress which triggers the cracks. 
[0120] Next, the influence of the mean sintered grain sizes of the alumina and zirconia test pieces is checked with 
respect to the generation of cracks through the thermal shock test. The sintering temperatures of the above-described 
zirconia and alumina test pieces were set to 1 .475 °C. 1 ,525 "C, and 1 .575 °C. The obtained test pieces were subjected 
£ to the above-described thermal shock test. Fig. 1 6 shows the relationship between the mean sintered grain sizes of the 
zirconia and alumina test pieces with respect to the crack generation. 

[0121] Meanwhile, it is believed that the generation of cracks derived from the thermal expansion difference signifi- 
cantly depends on the strength of the alumina substrate. Fig. 17 shows the strength of each alumina test piece meas- 
ured through a three-point bending test. In Fig. 1 7, numeral of each curve shows a mean grain size of the material used 

10 for manufacturing the alumina test piece. 

[0122] The result of Fig. 16 reveals that the cracks appear when the mean sintered grain size of the alumina test piece 
exceeds 4.0 pm or when the mean sintered grain size of the zirconia test piece exceeds 3.0 ^im. 
[0123] The result of Fig. 1 7 reveals that the strength decreases with increasing material grain size. When the material 
grain size is large, the mean sintered grain size is large correspondingly. Accordingly, it is believed that the cracks 

15 appear when the mean sintered grain size of the alumina test piece exceeds 4.0 ^im. 

[0124] The CTacks appear when the mean sintered grain size of the zirconic test piece exceeds 3.0 ^im even when the 
alumina test piece has a small mean sintered grain size sufficient for assuring a sufficient strength. It is thus believed 
that the grain size ratio between the zirconic and alumina test pieces may give some influence to the generation of the 
cracks. Probably, it is assumed that a large grain size difference will induce cracks in response to a thermal stress 

20 caused by the thermal expansion difference. 

[0125] As understood from Fig. 1 6. an optimum range in terms of the mean sintered grain size ratio Ral^^zr *s from 
0.33 to 4.00, as obtained from the straight lines a and p drawn in Fig. 1 6. wherein R^l and Rzr represent mean sintered 
grain sizes of the alumina and zirconic test pieces, respectively. 

[01 26] Although the above-described embodiments are explained based on the multilayered air-fuel ratio sensing ele- 
25 ments. the present invention is applicable to any other sensing elements, such as a NOx sensor, an HC sensor, and a 
CO2 sensor, which comprise both the alumina substrate and the partially stabilized zirconia. 



30 



25 



40 



45 



50 



55 



11 

BNSppCiD- <EP 0942279A2_I_> 



EP 0 942 279 A2 



Table 1 



Zirconia 




Alumina 


Heating and cooling cycles (times) 


Material grain size (^m) 
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Table 2 





Zirconia 


Alumina 


Heating and cooling cycles (times) 


c 


Material grain size (fim) 


Yttria (moI%) 


Material grain size (jim) 
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Table 3 



Zirconia 



Alumina 



Heating and cooling cycles (times) 



ai gram size 
(Mm) 



Yttria (mol%) 



Material grain size 
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[0127] A multilayered air-fuel ratio sensing element has a zirconia solid electrolvtir hnHv /i i^ or,H = 

s„"^ ■ "T"^ ^*cj,T^'^:^^:£:^^i^;^'z'^ 

cm,c50l«letect.<>l«,cbod,(1l)ismadert=pa,«ally stabilized z 
Claims 



so 



55 



^ ' air-fuel ratio sensing element (1 . 1 1 ") comprising a zirconic solid electrolytic body (1 1) and a heat- 

generating portion (13.16. 22) equipped with a heater (25) , y "uy V 1 1 ; ana a neat 

characterized in that 

said zirconicsolid electrolyticbody (1 1) is made of a partially stabilized zirconia containing 5-7 mol% vttriaand 
having a mixed phase structure including a cubic (C) phase, a monoclinic (M) phase and aTe^^;g'^nr(T^ 

0^ZR)'o?ST4°ot^!''^°''''' ^''^ ^ ''"""'^ °* « grain sire 
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said heat-generating portion (13, 16, 22) Includes an alumina substrate which is located adjacent to said zir- 
conic solid electrolytic body (1 1) and has a relative density of 95-1007o with a mean sintered grain size (Ral) 
of 0.5-4.0 Jim, and 

said partially stabilized zirconja has an M/G ratio in a range from 0.05 to 0.25. the M/C ratio being defined by 
5 the following equation: 



10 



M_ M(111)+M(111) 
C /W(111)+/W(1lT)+C(111) 

wherein M(1 lT) represents a reflective integrated intensity of a monoclinic phase (llT), M(111) represents a 
reflective integrated intensity of a monoclinic phase (111), arxJ C(1 1 1) represents a reflective Integrated Inten- 
sity of a cubic phase (111). 

15 2. The multilayered air-fuel ratio sensing element in accordance with claim 1 . wherein a thermal expansion difference 
A between said alumina substrate and said partially stabilized zirconia is in a range from 0 to 0.2. said thermal 
expansion difference A being defined by the following equation: 



20 



CzR* T-C.,' T 



wherein C^r represents a thermal expansion coefficient of the partially stabilized zirconia in a temperature range 
from the room temperature (20 °c) to 1 ,000 **C; Cal represents a thermal expansion coefficient of the alumina in a 
25 temperature range from the room terrperature (20 °c) to 1 ,000 °C; and T represents a temperature variation (980 

°C). 

3. The multilayered air-fuel ratio sensing element In accordance with claim 1 or 2. wherein a ratio of the mean sintered 
grain size (Ral) of said alumina substrate to the mean sintered grain size (Rzr) of said zirconic solid electrolytic 

30 body is in a range from 0.33 to 4.00. 

4. The multilayered air-fuel ratio sensing element in accordance with claim 1, wherein 

said heat-generating portion Includes a first alumina substrate (22), a second alumina substrate (16), and a 
35 third alumina substrate (13). 

said heater (25) is interposed between said first alumina substrate (22) and said second alumina substrate 
(16). and 

said third alumina substrate (13) is located adjacent to said zirconic solid electrolytic body (11). 

40 5. The multilayered air-fuel ratio sensing element in accordance with claim 1 , wherein 

said heat-generating portion Includes a first alumina substrate (22) and a second alumina substrate (16), 
said heater (25) is Interposed between said first alumina substrate (22) and said second alumina substrate 
(16). and 

45 said second alumina substrate (16) is located adjacent to said zirconic solid electrolytic body (11). 

6. The multilayered air-fuel ratio sensing element in accordance with claim 5, wherein 

said zirconic solid electrolytic element (11) has a measuring electrode (12) facing a measuring gas chamber 
50 (360) at one surface thereof, and 

said zirconic solid electrolytic element (1 1) has a reference electrode (15) facing a reference chamber (17) at 
an opposed surface thereof. 
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FIG. 1 




FIG. 2 
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FIG. 4 




FIG. 5 
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FIG. 9 
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FIG. 11 
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FIG. 14 
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FIG. 15 



o 
o 



O • - • NO CRACKS 
X • - . WITH CRACKS 



0.25 
0.24 
0.22 

0.20 I- X 9 

X 

0.18 [ X 
o 

0.16 
0.14 
0.12 
0.10 
0.08 
0.06 
0.04 
0.02 
0.00 



o 
o 



o 
o 



4.5 5.0 5.5 6.0 6.5 7.0 7.5 

YTTRIA CONTENT (MOL%) 



25 



EP 0 942 279 A2 



FIG. 16 
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FIG. 17 
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